The use of most suitable material models for the structural behavior modelling in the pavement design process is essential to get the most technical and economical solutions, taking into account the real pavement conditions, such as traffic and weather conditions. For this purpose, laboratory tests and the performance evaluation of experimental pavements during in situ tests have a special importance. This paper presents the results of a research based on the instrumentation and testing of some experimental pavement sections. At the same time, an extensive laboratory program was also undertaken in order to obtain the geometric, physical and mechanical properties of pavement materials. Bituminous mixtures were tested in indirect tensile tests. Granular materials were submitted to repeated load triaxial tests and an elastic non-linear model was verified and calibrated to describe the resilient behaviour of the pavement materials. This model was incorporated in the finite element program used in the modelling of the structural behaviour of experimental pavements during the load tests. The comparison between results from field monitoring and from numerical modelling confirmed the importance of in situ performance evaluation in order to achieve a better understanding of the materials behaviour, useful for a technical and economical pavement design.
INTRODUCTION
In pavement design, it is essential an adequate evaluation of the mechanical behaviour of the pavement materials. Traditionally, in routine structural design methods the pavement is considered as a multi-layered system where pavement and subgrade materials respond to traffic loading as linear elastic behaviour. However, the defective knowledge of the mechanical behaviour of pavements materials may lead to an uneconomical construction and maintenance of roads due to either an over design, or an under design that could be responsible by an early failure of the pavement.
The use of most suitable material models for the structural behaviour modelling in the pavement design process is essential to get the most technical and economical solutions, taking into account the real pavement conditions, such as traffic and weather conditions (Gomes Correia, 2001 ). The development of laboratory testing, the evolution of automatic calculations for modelling and the implementation of new techniques of instrumentation have a great contribute for a more scientific pavement design.
In the particular case of granular materials, the major important materials in asphalt pavements, they exhibit non-linear and stress dependent behaviour. An adequate understanding of this mechanical behaviour and its implementation on the methods of structural analysis will provide an optimisation of layers thickness and, consequently, a marked reduction in the construction and maintenance cost.
The Portuguese road network mainly consists of asphalt pavements, composed of upper layers in asphalt concrete and unbound granular layers of base and sub-base in crushed natural aggregates. Important research is being developed in order to improve the determination of the mechanical performance of materials and to implement the appropriate characteristics in pavement modelling and pavement design. For this purpose, laboratory tests and the performance evaluation of experimental or full-scale sections during in situ load tests have a special importance (Neves and Gomes Correia, 2004, Luzia et al., 2012) .
The objective of the paper is to present the Portuguese experience on asphalt pavements design supported by in situ performance evaluation of experimental sections of flexible pavements, instrumented during the construction phase. Laboratory and in situ tests are described. The calculated strains, by the modelling of the response during field tests, were then compared to the measured values. This procedure has demonstrated that pavement modelling is very sensitive to the constitutive law used for describing granular layers behaviour. Modelling optimisation is obtained when a non-linear elastic model is used and when anisotropy is considered. Calculated strains using traditional elastic linear model has always overestimated measured strains. This allows concluding the importance of a more advanced design in order to obtain an economical construction and maintenance of asphalt pavements.
METHODS

Experimental pavements
Two full-scaled experimental sections -CRIL1 and CRIL2 -were selected during the construction phase for instrumentation and monitoring (Neves, 2001) . The structure of the pavements is composed of (Figure 1 Table 2 together with the results from laboratory Modified Proctor tests. Mean values of in-situ quality control ρ d -dry density; ρ d,max -maximum dry density w -moisture content ; w opt -optimum moisture content The experimental sections were instrumented with the purpose of measuring strains at different levels of the layers during load tests and measuring the temperature in the bituminous base layer. The instrumentation was composed by: − Strain gauges to measure horizontal strains at the bottom of the bituminous base layer, placed in longitudinal and transversal directions. − Strain gauges to measure vertical strains at the top of the sub-base layer and the subgrade soil. − Thermocouple probes placed in the bituminous base layer, placed in different vertical positions, and another one was added to measure ambient air temperature. All the strain gauges were the Kyowa model, type KFL-30-350-C1-11 (Ódeon et al. 1996) and were positioned with a similar configuration in the two experimental sections. A total of twenty seven strain gauges were placed in each section.
Laboratory and field tests
Laboratory tests of the granular material were carried out with the use of repeated load triaxial apparatus according the standard EN 13286-7. Test procedure consists of applying cyclic linear stress paths in p,q space (p and q are the mean normal stress and the deviator stress, respectively), characterised by the variable confining pressure (σ 3 ) and initial static confining stress σ 3,min . The tests all included an initial conditioning phase of 20,000 cycles following a stress path with a q/p of 2.0, in order to stabilise the permanent strains and attain the resilient behaviour. After this initial phase, a second phase composed of a series of 100 cycles characterised by ratios q/p of 1.5, 2.0 and 2.5, to study the resilient behaviour. Tests were conducted in the test specimens for different dry densities and water contents (Neves, 2001) .
Bituminous mixtures were submitted to indirect tensile tests performed in accordance with EN 12697-26. The loading test consists of sinusoidal load pulses characterized by the rise-time and peak value. Test cylinder specimens were obtained from core samples, extracted from the bituminous layers, and were tested at six different test temperatures: 5, 10, 15, 20, 25 and 30ºC (Neves, 2001) .
The general procedure of the in-situ loading test series consisted of single wheel load test performed in the experimental sections with truck vehicles moving with a maximum speed of 4 km/h. Tests characteristics indicated in Table 3 are referred to the front axle of single wheels. Loads were applied at the center of the gauges installed in the pavement structures. During these in-situ tests, strains and temperature measurements were performed. Tests I.A (Section CRIL1), II.A1, II.A2 and II.A3 (Section CRIL2) were carried out during the construction of the pavement when only the base layer of macadam was constructed. Tests I.B (Section CRIL1) and II.B2 (Section CRIL2) were carried out on the final pavement structure. 
RESULTS AND DISCUSSION
Granular material
It is well known that granular materials and soils respond to traffic loading with nonlinear behaviour. In the case of granular materials, Boyce (1980) proposed a nonlinear elastic model suitable for describing granular material behaviour observed in repeated load triaxial tests with variable confining pressure and with measurement of radial strains. Several researchers have studied this model intensively.
In 1998 and: γ is the coefficient of anisotropy; σ 1 , σ 2 and σ 3 are the triaxial stresses. Parameters of the model K a , G a and n depend on the water content and compacity of the material, and p a is a constant equal to 100 kPa. Besides the elastic component, this model also incorporates a perfectly plastic part given by the Drücker-Prager criterion defined by the expression: q = Mp + S.
The modelling for the resilient behaviour results from repeated load triaxial tests was performed with the anisotropic model. Analysis of the test results has allowed the calibration of model parameters as a function of the density and water content. In the case of parameters K a and G a , it was established standard linear relationships with the following form:
where the values relating to dry density (ρ d /ρ d,max ) and water content (w opt -w) are expressed as percentages. For n, β and γ, it is suggested considering the mean values (Neves, 2001) . Table 4 contains values of the coefficients a 1 , a 2 and a 3 for the anisotropic Boyce model, where it can be observed that better agreement of the expression (see R 
Bituminous mixtures
Results of laboratory tests have pointed out the influence of temperature, porosity, rise-time and load factors in the indirect tensile stiffness modulus of the bituminous materials. All results provide reliable evidence of the influence of test temperature and material porosity on the stiffness modulus of all tested materials. Suggested by the tests results, a practical model was developed to be used for stiffness modulus prediction in pavement bearing capacity analysis. This model is function of temperature and porosity. The general expression for the predictive model is:
where S m is the indirect tensile stiffness modulus (MPa), V v is the void volume content (%) and T is the test temperature (ºC). The parameters are A 1 , A 2 , A 3 and A 4 .
Calibration of the above expression for the three bituminous mixtures BD, MBD and MB has provided the model parameters and correlation coefficient (R 2 ) values presented in Table 5 . Results indicate that the predictive expression is appropriate to indirect tensile stiffness modulus modeling. The best adjustment of the model is achieved for the case of BD material. 
Numerical modeling
Numerical modelling of field load tests results was accomplished with the finite element program FENLAP2, which incorporates the non-linear elastic model of the granular materials under study (Neves, 2001) . Table 6 and Table 7 present the parameters of pavement material models used in numerical simulations. Linear elastic parameters of subgrade soil and granular materials were obtained by back-analysis of Benkelman beam tests. The elastic stiffness of bituminous mixtures and the parameters of Boyce models indicated in Table 3 were evaluated based on the laboratory tests. The Drücker-Prager equation considered is q=1.75p+165 (Neves, 2001) . Figure 2 confirms, as an example and by the comparison between experimental and calculated strains in the bottom of the bituminous base layer and in the top of the unbound granular sub-base layer, in test section CRIL2, that the best modelling of structural behaviour is achieved with the non-linear and anisotropic elastic model.
CONCLUSIONS
The research described in this paper shows the importance of a more realistic modelling approach in the structural pavement design, mainly in the case of the unbound granular material. Based on the in situ performance evaluation of experimental pavements and the laboratory tests performed on the pavement materials, the following main conclusions can be drawn: − Calculated strains are very sensitive to the material model used to describe granular material behaviour. Modelling is less satisfactory when the linear elastic behaviour of granular material is used, because numerical simulations have always given the highest calculated strains. − Non-linear and anisotropic model, verified and calibrated in repeated load triaxial tests, is quite appropriate in modelling the results of field load tests. In fact, calculated strains were very close to experimental strains. 
